Proteins are the building blocks, effectors and signal mediators of cellular processes. A protein's function, regulation and localization often depend on its interactions with other proteins. Here, we describe a protocol for the yeast protein-fragment complementation assay (PCA), a powerful method to detect direct and proximal associations between proteins in living cells. The interaction between two proteins, each fused to a dihydrofolate reductase (DHFR) protein fragment, translates into growth of yeast strains in presence of the drug methotrexate (MTX). Differential fitness, resulting from different amounts of reconstituted DHFR enzyme, can be quantified on high-density colony arrays, allowing to differentiate interacting from non-interacting bait-prey pairs. The high-throughput protocol presented here is performed using a robotic platform that parallelizes mating of bait and prey strains carrying complementary DHFR-fragment fusion proteins and the survival assay on MTX. This protocol allows to systematically test for thousands of protein-protein interactions (PPIs) involving bait proteins of interest and offers several advantages over other PPI detection assays, including the study of proteins expressed from their endogenous promoters without the need for modifying protein localization and for the assembly of complex reporter constructs.
Introduction
Protein interaction networks (PINs) offer a low resolution map of how proteins are functionally organized in the cell 1 . Each physical connection between two proteins, or protein-protein interaction (PPI), may represent an association that is stable in time, such as those found within protein complexes and that contribute to the structural organization of the cell. These connections may also represent transient associations that regulate the activity, stability, localization and interactions of the two partners. Identifying the physical interaction partners of a given protein therefore provides rich information on the function and regulation of that protein 2, 3 . For these reasons, large efforts have been put towards the mapping of PINs in model organisms, including Escherichia coli [4] [5] [6] , Arabidopsis thaliana 7 , Saccharomyces cerevisiae [8] [9] [10] [11] [12] , Drosophila melanogaster 13 ,Caenorhabditis elegans 14 and Homo sapiens 15 . These studies have provided important insights into how proteins are organized in the cell and thus key information on proteins with previously unknown functions.
Several strategies have been developed over the years to study PINs. These technologies can be broadly grouped in three categories based on the kind of information they provide on PPIs (reviewed in [16] [17] [18] ) . The first one is based on yeast two-hybrid and its derivatives 19 . These technologies provide information on the direct association between pairs of proteins, which allows constructing binary networks. The second family is based on the affinity purification of bait proteins and the identification of their associated partners, such as affinity purification followed by mass spectrometry 20 . These approaches identify groups of proteins that are directly or indirectly associated, generally in a stable manner, and are extremely powerful to identify protein complexes. The third approach is based on protein-fragment complementation assays (PCAs) 11, 21 . This approach provides an intermediate level of resolution between the two former approaches, as it allows detecting direct and proximal associations between proteins. Each technique has its own strengths and weaknesses, as recently reviewed 18 .
The best-described eukaryotic PIN is by far the one of the budding yeast Saccharomyces cerevisiae, in part because its proteome is relatively less complex than those of other model eukaryotes and because high-throughput assays to detect PPIs have first been assayed and are more efficiently implemented in this model organism [9] [10] [11] [12] . A particularly powerful method for the yeast system is the dihydrofolate reductase proteinfragment complementation assay (DHFR-PCA), an assay that has been used in different contexts to study the yeast PIN in standard and perturbed conditions 1. If the bait strain of interest is available in the MATa DHFR F [1, 2] collection, retrieve it from the collection as described in step 1.1.1, otherwise construct the strain as described in step 1. Figure 1A ). 2. Transform the PCR product into competent yeast cells (usually in a BY4741 strain) using standard LiOAc/PEG yeast transformation protocol as in 29 ( Figure 1A ). NOTE: The protocol can be paused at this step.
Pin-tool Sterilization and Printing Procedures
NOTE: The sterilization procedure described below was optimized for the pin-tools manipulated by the BM3-BC (S&P Robotics) robotic platform, but can be adapted to other platforms as well. This section describes the Pin-tool sterilization and printing procedures that are used to transfer cells from one medium to another for the rest of the protocol. In-house scripts used to perform these routines can be obtained upon request.
Note that all steps can be performed without the need of a robotic platform using a manual pin-tool ). Image analysis should output one or several spreadsheets containing colony sizes for each position of each array, use these colony sizes for all downstream analyses. NOTE: In this study, we used a custom ImageJ script described in Leducq et al. 33 (see discussion section for more details).
Image Analysis

Data Analysis
NOTE:
Results from image analysis can be processed in a tabulator such as excel or using a scripting language such as R 34 . The following steps describe the procedure using a custom ImageJ 31 script.
1. Using a custom script, concatenate output files from image analysis and annotate each row with the plate and strain information as in Supplementary Figure 3A . 3. Normalize these values by subtracting the median value of each plate.
NOTE: This step controls for plate bias that may result from unequal media quantity or variation in automatic image acquisition, and reduces the inter-replicate variance ( Figure 3B ). 4. Verify that replicates correlate with each other ( Figure 3C ) to assess the reproducibility of the experiments. 5. To differentiate interacting from non-interacting bait-prey pairs, set a high-confidence threshold corresponding to the 95 th percentile of the distribution of the L-DHFR F [3] controls. NOTE: In this experiment, this corresponds to 3.39 ( Figure 3D ). Alternatively, a threshold based on the overlap with known physical interactors such as those reported in the BioGRID 35 can be used. See discussion for more details.
6. For any bait, filter preys identified as involved in false positive interactions in DHFR-PCA screens (see discussion for more details) and listed in Supplementary Table 2 (identified as "1" in column "filtered"). 7. Average the Log2 normalized colony sizes of the three replicates of each interaction (column "Average score" in Supplementary Table 2 ).
Validation of Physical Interactors Using Small-scale Experiments
NOTE: Any PPI of particular interest having a score above or close to the applied threshold can be validated using the DHFR-PCA assay in a small-scale experimental design using a growth assay on solid or liquid MTX medium. The steps below show the procedure to manually construct diploid PCA strains and perform spot assays on MTX medium. The experimenter should perform these steps for all necessary controls (Bait-DHFR F [1, 2] x L-DHFR F [3] , Zipper-linker-DHFR diploid strains and linker-DHFR diploid strain).
Representative Results
Supplementary Table 2 is an example of representative results obtained using the yeast protein Nup82 fused to the DHFR F [1, 2] fragment as a bait. The threshold defined with the L-DHFR F [3] controls can be used as an empirical threshold to determine high confidence hits ( Figures  3D & 3E) . Alternatively, the score ranking can be used to perform Gene Ontology enrichments or other functional analyses 36 based on gold standards 37 . The known physical interactors of the bait can be retrieved from databases like BioGRID 35 and overlaid on the data (Figures 3E   & 3F) . In this example, five out of eight high confidence hits have been previously reported as Nup82 interactors and two are part of the Nup82 subcomplex, Nup116 and Nup159 (Figure 3F & 3G) . The other member of the complex, Nsp1, does not show any interaction in our experiment. Two preys, Ade17 and Tef2 (not shown in Figure 3F ), had scores above the hard threshold applied, but these are likely to be false positives as they interact with almost any bait protein in PCA screens we have performed (unpublished results). On the other hand, Pex30 may represent a novel physical interactor of Nup82 and we were able to confirm this interaction using DHFR-PCA at low-throughput ( Figure 3G ). Pex30 is a peroxisomal membrane protein and a few direct interactions have been reported between the nuclear pore complex (NPC) and this organelle.
A two-hybrid screen identified two other NPC protein, Nup53 and Asm4 (Nup59), as physical interactors of Pex30 
Discussion
We describe a protocol based on the DHFR-PCA assay enabling the systematic identification of physical interactors for any given bait protein at high-throughput. This protocol can be adapted by screening for more baits, and this at any desired level of replication. We demonstrate the reliability of this protocol by the identification of physical interaction partners for a bait protein involved in the Nuclear Pore Complex: Nup82. Our analysis enabled to find five previously reported interactors and one previously unreported interactor (Figures 3F & 3G) , highlighting the ability of the method to study the yeast protein interactome.
The protocol described here includes several critical steps to which the experimenter should pay attention. We recommend to 1) Make sure that the bait DHFR F [1, 2] fusion is correct ( Figure 1B) ; this can be achieved by sequencing the construction and measuring proper protein expression using an anti-DHFR F [1, 2] or anti-DHFR F [3] antibody; 2) Prior to beginning the screen, it is recommended to verify if any bait of interest exhibits promiscuous interactions in PCA screens. This can be done by performing control screens with baits crossed with the appropriate L-DHFR control or by manually mating the bait with the appropriate L-DHFR control and performing a growth assay in MTX medium.
3) Plates should be poured the day before they are used so that moisture is optimal for cell adherence on the agar surface during the printing process; 4) Source plates should not be used more than four times to transfer enough cells on the destination plate. Increasing the number of copies of the destination plate can be done by successive steps of expansion (e.g. 4 copies -> 16 copies -> 64 copies). Alternatively, cells can be picked at different positions on the lawns or in the colony between different rounds of replication; 5) If several positions are missing after the diploid selection(s), make sure that the source plates were not used too many times in the mating step (steps 4.5 to 4.7); 6) Ensure that the MTX medium contains all essential ingredients at the right concentrations. Indeed, if no growth at all is observed on the MTX medium, it can be either because no interaction is detectable by PCA for the proteins of interest or because the MTX medium was not prepared properly. To ensure that the medium allows growth of strains showing DHFR fragments complementation, a constitutive interaction can be added at empty positions of the collection and used as a positive control such as DHFR-fragments fused to leucine zipper moieties 33 ( Figure 1C) . Parallel tests using the linker-DHFR fragments or the zipper-linker-DHFR fragments will allow to discriminate between conditions that allow all cells to grow (low MTX concentration or bait protein that tend to make false positive interactions, as described below) and conditions that prevent growth of all strains (MTX concentration too high or essential ingredient missing in the medium); 7) Given that PCA is performed through successive rounds of replications from one medium to another, cross-contamination among strains between different plates may occur if, for instance, the pin-tool is not sterilized properly between replication rounds and/or the last water bath (i.e. wet station) in the sterilization procedure is contaminated by colonies of previous replication rounds. Several positions on the arrays are empty and can thus be used as control positions where no growth should be observed to detect cross-contaminations.
A critical step within the analysis part is the choice of the significance threshold. Here, we chose a threshold based on the distribution of the negative L-DHFR F [3] controls, but depending on the objective of the screen, such threshold may be too stringent. Indeed, L-DHFR F [3] controls are overexpressed (strong TEF promoter) such that the complementary fragments may spontaneously complement each other and these are thus not representative of the expression of most proteins. This is highlighted by the fact that the distribution of the L-DHFR F [3] controls is higher than the average of the background growth ( Figure 3D ). Thus, some interactions having scores below this stringent threshold but that are clearly outside of the background growth distribution can be considered as putative hits that may represent, for instance, transient or weak interactions. These can be further studied and cross-validated if, for instance, the two proteins are not expressed at levels that can allow the spontaneous complementation of the DHFR fragments like the L-DHFR controls. As an alternative, one could set a significance threshold based on the proportion of overlap with reported physical interactors in databases like BioGRID 35 in order to maximize the proportion of true positives over false positives. However, unlike the use of the L-DHFR distribution, this alternative may not always be feasible if, for instance, the number of known physical interactors is not sufficiently high. Moreover, the choice of the significance threshold has an impact on the proportion of false positives and false negatives in the final data set. Indeed, like any other PPI detection assay, false positives can result from unspecific interaction of a protein with the DHFR-fusion protein if, for example, the protein is highly abundant as mentioned earlier. This is exemplified by the fact that some preys systematically interact with all bait proteins in PCA screens and, thus, need to be removed from the analysis 11 (e.g. Tef2 and Ade17
and Supplementary Table 2 ). To circumvent this problem, a control PCA screen of the two collections against the appropriate L-DHFR control (F [1, 2] or F [3] ) to identify baits and preys exhibiting spontaneous DHFR fragments complementation can be performed in the specific conditions of each screen. Moreover, performing a Gene Ontology enrichment analysis can increase the confidence in the data if the function of a given bait is known. On the other hand, DHFR-PCA can give rise to false negatives for several reasons: 1) not all proteins can be fused to the DHFR fragments as these may destabilize the proteins or modify their localization if, for instance, the DHFR fusion to the C-terminus interferes with a localization signal; 2) DHFR reconstitution in some cellular compartments may not produce folate if, for instance, an essential precursor for folate synthesis is not available; 3) C-termini need to be within a distance of 8 nm for DHFR complementation to occur 11 . Thus, a well-known interaction may not be detected if their C-termini are not close enough in space. This is exemplified here by the fact that a large fraction of Nup82 physical interactions reported in databases, most of which are indirect, were not detected in our assay. Similarly, interactions between membrane proteins for which the C-termini are in trans relative to the membrane will not lead to DHFR fragments complementation and will not be detected 11 . Limitations 1) and 3) can be circumvented relatively simply by fusing the DHFR fragment to the N-termini of the protein. Doing so may prevent to interfere with a localization signal near the C-termini and may allow to detect an interaction between membrane proteins whose N and C-terminus are in cis relative to the membrane.
Several challenges remain in the study of PINs (reviewed in 2, 3 ). The maps of PINs produced so far have largely been described in a single experimental condition for each species and thus offer a single snapshot of how protein networks might be organized. There is therefore a need for the exploration of other experimental conditions to see how PINs may be reorganized in response to environmental changes, specific stimuli, across development or following mutations. These challenges will be overcome by the development of new technologies for interrogating PPIs in real-time, in living cells and by adapting current techniques so that they can be used by a larger community of laboratories. As a quantitative technique that can detect changes in the amount of DHFR complementation complexes 27 , DHFR-PCA can be adapted to overcome these challenges and has been used to study how PPIs are affected by a DNA damaging agent 22 , chemical agents 25 , gene deletions 23, 26 or in other yeast species and their hybrids 33 . Exploring these new dimensions will become more and more important to reveal the dynamic of the PIN.
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